Introduction
The common indirect method of measuring blood pressure (BP) is based on the occluding-cuff auscultatory technique introduced by Riva-Rocci 1 and Korotkoff. 2 According to the recommendations of the American Heart Association, a cuff of proper size should be wrapped smoothly and snugly around the arm, with the lower margin 2.5 cm above the antecubital space, and the stethoscope should be positioned over the palpated brachial artery below the cuff at the antecubital fossa. 3 All recommendations for BP measurements emphasised that the stethoscope should not be in contact with the cuff. 4, 5 In contrast to these recommendations in new devices using the auscultatory method the microphone is embedded in the lower edge of the cuff. As a consequence of this modification of the auscultatory technique the Korotkoff sounds are not picked up in the fossa cubiti but inside the cuff's width. Neither the American Heart Association's recommendation for B with differences in systolic/diastolic BP of ؉0.8 ؎ 1.0/؊8.5 ؎ 2.2 mm Hg in the same-arm test and ؉0.4 ؎ 4.8/؊10.6 ؎ 5.2 mm Hg in the opposite-arm test. Subject's age was the main variable determining differences in diastolic BP with significantly higher differences in younger than in older subjects, indicating that the elastic properties of arteries may be responsible for these differences. Our results demonstrate that a modification in the auscultatory technique of BP measurement produces significantly different diastolic BP values, the magnitude of which is important for our conceptions of threshold and target values in diagnosing and treating hypertension.
indirect measurement of BP 6 nor recent reviews 7, 8 consider this change in methodology. Our experiences in testing such devices [9] [10] [11] led us to the suspicion of systematic influences of the microphone position on the results of BP measurement.
This study was designed to answer the following questions:
(1) Does the auscultatory detection of Korotkoff sounds inside the cuff result in BP data systematically different from those measured in the fossa cubiti? (2) If this holds true, are the differences of clinical relevance? (3) Do subject characteristics like age, gender, upper arm circumference or height of BP have an impact on the extent of difference, if any?
Subjects and methods

Part A
Sixty-four normotensive and 67 hypertensive subjects (Table 1) were randomly selected from our outpatient clinic. After taking the upper arm circumference the BP was measured by two observers using the auscultatory technique simultaneously in the same arm as proposed by Atkins et al. 12 Both observers were checked for auditory or visual impairment.
In each subject two specifically trained observers (O1 and O2) performed 10 consecutive BP measurements in the same arm with identical flat (thickness: 8 mm) stethoscopes ('Lightweight'). While O1 heard the Korotkoff sound over the cubital artery (a.c.) at the antecubital fossa, O2 simultaneously measured over the brachial artery (a.b.) with the stethoscope head inserted into a small pouch at the lower edge of the cuff. For all measurements the standard cuff size was used. After five measurements the observers changed the stethoscopes and sites of auscultation. The sequence of tasks of both observers randomly changed from subject to subject. Systolic pressure was noted at the onset of at least two consecutive beats, the diastolic pressure as well at muffling (phase IV of Korotkoff sounds, only in hypertensives) as at cessation (phase V of Korotkoff sounds) of sounds. Both observers took the readings from the same mercury manometer without being aware of the values of the other observer.
Part B
One could object to a same-arm test design that differences of pressure readings between the brachial and cubital artery might be due to a disturbance of the sound conduction along the artery induced by the stethoscope head placed proximally. To test this hypothesis the same observers as in part A performed 12 simultaneous measurements in a samearm and opposite-arm test design ( Figure 1 ) in 20 normotensive young women (mean age ± s.d.: 21.3 ± 3.9 years, range: 15-30 years). The first four comparative measurements were performed in the same way as in part A on the right arm, with auscultation over the a.c. by O1 for two measurements and by O2 for the following two measurements. Thereafter two cuffs (one with an inserted stethoscope head) for the opposite-arm test were connected via a y-tube to the mercury manometer allowing simultaneous measurements at both arms. For the following four comparative measurements the cuff with the inserted stethoscope head was wrapped around the right arm. After two of these measurements O1 and O2 changed the auscultation site. The last four measurements were performed in the same way but with the cuff bearing the stethoscope head wrapped around the left arm.
In a pre-study validation test the difference (mean ± s.d.) between the two observers (72 measurements, double-stethoscope, 36 normotensive subjects, cubital artery) was −0.2 ± 1.4 mm Hg for the systolic BP and +0.5 ± 2.6 mm Hg for the diastolic BP.
All measurements were done in a completely silent environment.
Statistical analysis
For all pairs of readings the BP over the cubital artery was subtracted from that over the brachial artery (a.b. − a.c.). For each subject the mean value for the 10 (Part A) or four (same-arm, Part B) and eight (opposite-arm, Part B) differences, respectively, represented the basis of our analysis (mean reading difference = MRD). The values showed sufficient normality. For the description of the results we used mean values and standard deviations as well as scatterplots with least square linear regression analysis. The influence of the variables gender, age, upper arm circumference and hypertension (yes/no), proven as potential factors in earlier studies, was analysed by multifactorial analysis of variances using these factors as well as the interac-tions of gender with upper arm circumference and age, respectively. As level for statistical significance a P value of 0.05 (two-sided) is considered. The empirically resulting P-values are given descriptively without further adjustment for multiple testing.
Results
Part A
In the group of 64 normotensive subjects BP measured inside the cuff was on average (mean ± s.d.) 120 ± 14/64 ± 14 mm Hg and in the fossa cubiti 118 ± 14/74 ± 13 mm Hg. Inside the cuff the systolic pressure was measured 1.6 ± 3.2 mm Hg higher (P Ͻ 0.001) and the diastolic pressure was measured 10.6 ± 5.6 mm Hg lower (P Ͻ 0.001) than in the fossa cubiti. For male subjects the systolic and diastolic differences were +2.5 ± 4.0 mm Hg and −10.9 ± 6.3 mm Hg, respectively, for female subjects they were +0.7 ± 1.8 mm Hg and −10.3 ± 4.9 mm Hg, respectively.
For all 67 hypertensive subjects the mean BP inside the cuff was on average (mean ± s.d.) 152 ± 18/85 ± 13 mm Hg and in the fossa cubiti 151 ± 18/93 ± 13 mm Hg. Inside the cuff the systolic pressure was measured 1.0 ± 1.4 mm Hg higher and the diastolic pressure was measured 8.4 ± 4.9 mm Hg lower (P Ͻ 0.001) than in the fossa cubiti. For male subjects the systolic and diastolic differences were +1.3 ± 1.7 mm Hg and −8.9 ± 5.0 mm Hg, respectively, for female subjects they were +0.7 ± 0.9 mm Hg and −7.8 ± 4.8 mm Hg, respectively.
Though there was a significant influence of upper arm circumference on the systolic differences (P Ͻ 0.03) in normotensive men (influence of gender P Ͻ 0.01) and women (Figure 2a) , the magnitude of differences (overall +2.5 ± 4 mm Hg in men and +0.7 ± 1.8 mm Hg in women) were too small to gain clinical relevance. In hypertensives there was no dependence of systolic BP differences on arm circumference (Figure 2b) . The multifactorial analysis of variance revealed that upper arm circumference was without significant influence on the diastolic differences as well in men and women as in normotensives and hypertensives (Figure 3a and 3b) .
The age of the subjects was an important variable determining the diastolic (Figure 3c and 3d) but not the systolic differences (Figure 2c and d) between measurements inside the cuff and in the fossa cubiti. As well in the normotensive (P Ͻ 0.001) as in the hypertensive study group (P Ͻ 0.01) younger men and women exhibited significantly greater diastolic differences than older subjects. These significances were achieved by calculating the multifactorial analysis of variance with gender, upper arm circumference and BP height as factors.
In 53 hypertensive subjects both observers were able to detect definitively the muffling point as diastolic criterion (phase IV of Korotkoff sounds). The diastolic values inside the cuff were by 4.6 ± 3.7 mm Hg lower than those in the fossa cubiti.
Part B
For all 20 normotensive women in the same-arm test design BP measured inside the cuff (mean ± s.d.: 115 ± 12/68 ± 8 mm Hg) were 0.8 ± 1.0 mm Hg higher for the systolic and 8.5 ± 2.2 mm Hg lower (P Ͻ 0.001) for the diastolic BP compared to the measurements in the fossa cubiti (mean ± s.d.: 114 ± 12/77 ± 8 mm Hg).
Nearly the same result was achieved in the opposite-arm test design. The BP values for each subject measured inside the cuff (mean ± s.d.: 115 ± 12/66.5 ± 9 mm Hg) and in the fossa cubiti (mean ± s.d.: 115 ± 12/77 ± 9 mm Hg) were significantly different (−10.6 ± 5.2 mm Hg, P Ͻ 0.001) only for the diastolic BP (Figure 1 ).
Discussion
This study was performed to elucidate the effect of different sites of auscultation on BP measurement. The basic idea for this study emerged from our observation in clinical evaluations of home devices that electronic as well as conventional stethoscope devices exhibited lower diastolic BP values inside the cuff compared to standard auscultation in the fossa cubiti.
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The study was performed with a design that excluded influences from the cuff size, interobserver bias and from disparities in blood pressures between the right and left arm (opposite arm test). The results of the same-arm and opposite-arm test performed in the same subjects clearly demonstrate that the differences obtained in BP readings were not an artefact due to the pressure exerted by the inflatable bladder on the stethoscope head placed inside the cuff 13 during the same-arm tests. The main result of this study is the systematically lower diastolic BP measured inside the cuff. Collins et al 14 analysed 14 randomised trials of antihypertensive therapy including nearly 37 000 individuals treated for a mean of 5 years. They found that the mean reduction achieved in diastolic BP by active treatment in well controlled studies was 5-6 mm Hg. In view of this finding the mean difference of about 8-10 mm Hg in diastolic BP between measurements at both sites, as described in this study for the younger subjects, is of great clinical relevance. Although there were systematic differences in the systolic BP readings too, these differences proved not to be clinically relevant.
We are not aware of another study comparing BP readings obtained by auscultation inside the cuff and in the fossa cubiti in a simultaneous and samearm test design. Geddes and Moore, 15 extending and improving the experiences of earlier authors, [16] [17] [18] were the first who described a method for a more efficient detection of Korotkoff sounds in humans with a 2 mm thick piezoelectric crystal mounted in a pocket inside the cuff. They found that the diastolic values (phase IV) recorded inside the cuff were by 3.17% lower compared to those measured simultaneously in the antecubital fossa. In accordance the corresponding value for phase IV diastolic blood pressures in our study was 4.9%. Other authors could not detect a significant 19 or only a slight but significant 20 difference in phase V diastolic BP. However, they did not use the same stethoscope head for comparison and the BP over the brachial artery was not detected inside the cuff.
Ljungvall and Thulin, 21 using the same stethoscopes as in our study, found that blood pressures inside the cuff were on average 3.1 mm Hg higher for the systolic and 3.5 mm Hg lower for the diastolic values. Although the trend in the diastolic deviation was the same as in our study, the magnitude and by this the clinical relevance was not. However, the BP measurements in this study were not performed simultaneously and the head of the stethoscope was wedged between skin and the lower edge of the cuff, thus only a small part of the stethoscope was covered by the cuff.
A possible explanation for the difference in diastolic readings measured at both sites is that the amplitude of sounds audible in the diastolic BP range at both sites might differ. In fact, Geddes and Moore 15 demonstrated that the amplitudes of Korotkoff sounds outside the cuff were only 33% of those inside the cuff. As another explanation Ljungvall and Thulin 21 speculated that accessory background noises might impair the detection of the weak Korotkoff sounds, when auscultated in the fossa cubiti. They demonstrated graphically that the signal-noise ratio is distinctly improved by placing the stethoscope head between cuff and skin. As our measurements were done in a completely silent environment this phenomenon may not explain our results.
Though these considerations might account for the difference in diastolic readings, they cannot explain the unequivocal correlation between this difference and the subject's age. We assume that the greater differences revealed in younger subjects are due to the elastic property of young vessels to absorb the oscillations of the vessel wall, creating the Korotkoff sounds. This could prevent the propagation of Korotkoff sounds to the distal auscultation site. This assumption is supported by a study of Ochiai et al, 22 who compared intra-arterially measured blood pressures with those obtained simultaneously by auscultation in the cubital fossa. They found that as well the systolic and the diastolic differences between both methods (auscultation-invasive) were positively correlated to the subject's age, probably due to fading compressibility of the arteries with increasing age.
In view of our study questions we can summarise that: (1) there is a systematic difference between BP values obtained inside the BP cuff and in the fossa cubiti; (2) the diastolic differences are of a magnitude that achieves great clinical relevance; and (3) this difference is more important for younger than for older subjects.
With respect to the usually accepted threshold values for diagnostic or therapeutic decisions in subjects with hypertension, the results of this study may be important. The reliability of these threshold values is based upon blood pressures obtained by auscultation of Korotkoff sounds in the fossa cubiti and not inside the cuff's width. In addition, for validation tests of devices detecting the Korotkoff sounds inside the cuff's width, particularly the difference in diastolic BP has to be considered, whenever accuracy criteria are established for a license procedure. Furthermore, the results are tempting to speculate that the generally lower blood pressures obtained by ambulatory or home measurement compared to office values may not only be due to the different setting, but may partially be explained by the effect of the different site of measuring the BP. This may hold true at least for those devices with a microphone built-in for detecting the Korotkoff signal.
